1. Introduction {#S1}
===============

Neuronal cultures derived from human hiPSCs are a useful model system for exploring cellular mechanisms underlying the pathogenesis of neurological disorders and for developing novel therapies. Analyses of hiPSC-derived neurons from patients with defined neurological diseases have identified a variety of abnormalities. These include alterations in neuronal morphology, excessive excitability, dysfunctional synaptic connections, and altered mitochondrial function, many that are likely to contribute to different disease phenotypes ([@R6]; [@R7]; [@R9]; [@R12]; [@R20]; [@R23]; [@R30]; [@R37]; [@R38]). hiPSC-derived neuronal cultures can also serve as a valuable platform for evaluating the effect of a drug or drug combinations on gene-specific deficits in neuronal differentiation and/or function ([@R7]; [@R24]). However, disease modeling *in vitro* with hiPSC-derived neurons is still at an early stage and there are a number of outstanding questions about the properties of neurons generated by a variety of differentiation protocols.

It is important that consistent criteria are used to define hiPSC-derived neurons in culture. Similar to criteria for characterizing induced neuronal (iN) cells reviewed by Yang et al., cells designated as neurons differentiated from hiPSCs should not only have neuronal morphology and express neuron specific markers, but should also be electrically excitable ([@R43]). In addition, the formation of functionally active synapses between neurons facilitates the use of cultures to explore how gene mutations potentially affect network activity. Second, there are a number of differentiation protocols used by different groups but little is known about the comparative efficiency with which these produce excitable cells ([@R25]; [@R28]; [@R33]; [@R36]). In addition, it is not clear how the differentiation potentials of stem cells at different stages affect the formation of functionally active neurons. Some protocols incorporate the use of neural stem/progenitor cells, a self-renewing multipotent population derived from hiPSCs, as starting source for neuronal differentiation ([@R5]; [@R36]; [@R42]). Other protocols start from the hiPSC stage, and directly differentiate cells into neurons without using an expandable population of multipotent cells ([@R12]; [@R15]; [@R21]; [@R22]; [@R26]; [@R28]; [@R29]; [@R32]; [@R37]; [@R45]). Finally, when considering a single protocol there has been limited discussion of reproducibility in terms of the rate and degree of maturation of firing properties and synaptic connectivity between platings and between independently generated hiPSC lines. Low efficiency and/or high variability can hamper the identification of altered functional properties of neurons between control and mutant groups.

The goal of this study was to identify a protocol that could reliably produce cultures from hiPSCs in which the majority of cells with neuronal morphology also fire action potentials and form synaptic connections. The efficiency of generating functionally active neurons from one hiPSC line obtained from a control patient was evaluated using two different protocols. The first protocol included generating an expandable neuronal stem cell population that was plated onto astroglial feeder layers for differentiation. In our previous experience this resulted in cultures containing functionally active neurons but the efficiency was low ([@R8]; [@R36]). This was compared to a direct differentiation strategy that first patterns hiPSCs into neural progenitors (NPCs) that are differentiated without expansion ([@R21]). The protocol was modified to include the use of astroglial feeder layers for differentiation. Direct differentiation resulted in production of functionally active neurons at a faster rate and with higher efficiency than the protocol including an expandable intermediate population. In addition, the direct differentiation strategy resulted in cultures in which the rate and degree of neuronal maturation was similar between multiple platings from one control hiPSC line, and between two hiPSC lines from unrelated individuals with no known neurological disorders. hiPSC-derived neuronal cultures prepared using this direct differentiation will greatly facilitate identification of cellular defects in excitability and synaptic transmission associated with specific disease causing mutations and drug discovery.

2. Methods {#S2}
==========

2.1. Preparation and maintenance of hiPSCs {#S3}
------------------------------------------

Two hiPSC cell lines, Line 210 (SC210.12-SF6-2I3.M11S8 through S31) and Line 173 (SC173.1-SF6-2I2.M16S9 through S21), were generated by the Schwartz laboratory using a previously published protocol ([@R36]) from skin fibroblasts provided by the labs of Alfred George, Jr. and Kevin Ess (210 line) and Philip Schwartz (173 line). Both control hiPSC lines maintained normal karyotype, and both fibroblast donors were males with no known clinical diagnoses. Age at time of biopsy was 23 years (210 line) and 56 years (173 line).

hiPSCs were maintained in feeder-free conditions using published protocols ([@R36]; [@R34]). Briefly, hiPSCs were grown on Matrigel (BD Sciences, 354231) and fed every day with basal hiPSC medium supplemented with 2% (vol/vol) StemPro (StemPro SFM Kit, including 50× supplement, D-MEM/F12 + GlutaMax and 25% BSA solution, Life Technologies, A1000701) and 20 ng/ml bFGF (basic fibroblast growth factor, Stemgent, 03-0002). For basal medium, the final concentration of BSA and beta-mercaptoethanol (Life Technologies) in D-MEM/F12 + GlutaMax were 1.8% and 100 μM. Complete medium was equilibrated at 37 °C and 5% CO~2~ before use.

hiPSCs were passaged upon reaching 100% confluence. Falcon 6-well plates were coated with a 1:30 dilution of Matrigel in D-MEM/F12 + Glutamax and incubated for at least 20 min. hiPSCs were incubated with 10 μm ROCK inhibitor (RI; rho-associated protein kinase inhibitor Y27632, Stemgent) 1 h prior to dissociation with Accutase (Millipore, SCR005) for 1 min at room temperature. Cells were dislodged and collected in Dulbecco's calcium- and magnesium-free phosphate-buffered saline (D-PBS; Gibco, 14190--144). The cell suspension was gently triturated, collected in conical tubes and centrifuged at 156 ×*g* for 5 min. Cell pellets were gently re-suspended in complete hiPSC medium plus RI. Excess Matrigel solution was removed from pre-incubated wells. The cell suspension was added to each well and then flooded with complete hiPSC media with RI to a final volume of 2 ml per well. Typical splits were from 1 well to 3 or 6 wells.

2.2. NSC culturing and neuronal differentiation {#S4}
-----------------------------------------------

The 210 hiPSC line was also used to generate an expandable neural stem cell (exNSC 210) line. Line naming follows National Human Neural Stem Cell Resource nomenclature ([@R36]). NSCs were maintained and passaged according to a previously published protocol ([@R36]) with no alterations. To prepare for neuronal differentiation, confluent NSC cultures were lifted using Enzyme Free Dissociation Buffer (Life Technologies, 13150-016), dislodged, and collected using D-PBS. The cell suspension was then gently triturated, collected in conical tubes and centrifuged at 156 ×*g* for 5 min. After re-suspension in fresh NSC media (see published protocol) cell suspension was passed through a 37 μm reversible strainer (STEMCELL Technologies, 27215). This revised step to the protocol removes the large non-dissociated clusters of NSCs and allows plating of single cells on 50% confluent mouse glia at a density 2.2 × 10^4^ cells/cm^2^ per coverslip. Neuronal differentiation was also performed as per the original protocol, but with the addition of 0.2 μM γ-secretase inhibitor XXI (Compound E; Calbiochem, 565790) during the first 3 days of differentiation. Neuronal differentiation media contained 20 ng/ml BDNF (Peprotech, 450-02), GDNF (Peprotech, 450-10), 1 mM dibutyryl cAMP (Sigma-Aldrich, D0260), and 200 nM freshly made ascorbic acid (Sigma-Aldrich, A403). Feeding cultures involved a 50% exchange every 48 h for the duration of the culture's life. All media was prepared immediately prior to use and equilibrated at 37 °C and 5% CO~2~.

2.3. Direct differentiation of hiPSCs into neurons {#S5}
--------------------------------------------------

The strategy used to pattern hiPSCs into neurons was adapted from a previously published protocol ([@R21]). On day 0, embryoid bodies were generated from 100% confluent hiPSC cultures grown in a 6-well falcon plate by manual scraping in a parallel direction using a 1 ml pipette tip. Tissue fragments from 15 wells were collected in a conical tube. After centrifugation at 156 ×*g* for 5 min the pellet was re-suspended in 15 ml hiPSCM (human hiPSC medium) and then transferred to a T25 non-tissue culture treated flask (Thermofisher Scientific, 169900). Neural induction and culturing protocols were followed as per the original protocol. On day 16, neural rosettes were collected using STEMDiff Neural Rosette Selection reagent (STEMCELL Technologies, 05832) based on vendor's protocol. MGE patterning was done using the ventralizing factors purmorphamine (Stemgent, 04-0009) and/or recombinant human sonic hedgehog (SHH; Peprotech) following the original protocol until day 25. Experiments using purmorphamine with SHH and purmorphamine alone were included in this study.

Neuronal differentiation was initiated on day 26, when progenitor neurospheres were dissociated using Accutase, centrifuged at 156 ×*g* for 5 min, and re-suspended in neural induction medium (NIM) containing Rho kinase (ROCK) inhibitor. These were plated at 2.2 × 10^4^ cells/cm^2^ per coverslip on 50% confluent mouse astroglial cultures. 24 h after plating, 50% of the NIM was replaced with complete NDM (Neural differentiation medium) containing 0.4 μM Compound E, 10 ng/ml BDNF, 10 ng/ml GDNF, 10 ng/ml IGF-1 (Peprotech, 100-11), and 0.5 g/ml membrane permeable cyclic AMP. 48 h after plating, all of the culture medium was replaced by complete NDM supplemented with 0.2 μM Compound E. 96 h after plating, culture medium was replaced with complete NDM and a 50% exchange with fresh complete NDM performed every 48 h for the duration of the culture's life. All media was prepared immediately prior to use and equilibrated at 37 °C and 5% CO~2~.

2.4. Astroglial cultures {#S6}
------------------------

Astroglial cultures were generated using a previously published protocol ([@R16]; [@R31]). Briefly, cortical rinds were dissected from the brains of P0--P2 ICR (CD-1) mouse pups (Envigo), enzymatically digested, and triturated into a single cell suspension. Suspension was plated on poly-D-lysine (PDL, Sigma-Aldrich, P7886) coated 60 mm tissue culture dishes and allowed to grow to confluence. Once confluent, cultures were trypsinized (TrypLE, Life Technologies, 12604-021), lifted, re-suspended in freezing media (Glia Culture Medium with 10% DMSO) and stored at −80 °C. When needed, cells were defrosted and 4.4 × 10^4^ cells/cm^2^ per coverslip viable (identified by trypan blue staining) cells/cm^2^ were plated onto PDL-coated 12 mm glass coverslips (Bellco Glass, 1943-10012A). Astroglial feeder cultures were grown for 5--6 days to approximately 50% visually determined confluence prior to seeding with neural progenitors for neuronal differentiation.

2.5. Immunostaining and imaging {#S7}
-------------------------------

Coverslips containing hiPSC- or exNSC-derived neurons were fixed in 4% paraformaldehyde (in PBS, Sigma-Aldrich, P6148) for 15 min at room temperature and washed three times with PBS. Cells were permeabilized and blocked using PBS with 4% bovine serum albumin (wt/vol) (BSA; Sigma-Aldrich, A4919), 0.25% Triton X-100 (vol/vol) (Sigma-Aldrich, X100), and 0.02% sodium azide (wt/vol) (Sigma-Aldrich, S2002) in 1× PBS (Sigma-Aldrich, P3813) for 1 h at room temperature. Cultures were exposed to primary antibody and incubated overnight at 4 °C. After washing 3 times with PBS, coverslips incubated in 5% normal goat serum (vol/vol) (ThermoFisher Scientific, 16210-064), 0.25% Triton X-100, 0.02% sodium azide (wt/vol) in 1× PBS containing a 1:1000 dilution of secondary antibody (Alexa-Fluor; Life Technologies) for 2 h at room temperature. Coverslips were washed twice with PBS before staining nuclei with 4′,6-diamidino-2-phenylindole (DAPI; Life Technologies, D9542). Fluoromount G (SouthernBiotech, 0100-01) was used to mount coverslips on glass slides. Images were taken using a Zeiss M2 Imager microscope and processed by Zen software. HuNu (1:250; Millipore, MAB1281), βIII-tubulin (1:2000; BioLegend, 802001) and GFAP (glial fibrillary acidic protein; 1:1500; DAKO, Z0334) were used to characterize composition of cells generated from hiPSCs by the direct differentiation protocol. βIII-tubulin (Sigma-Aldrich, T8660) and GABA (Sigma-Aldrich, A2052) primary antibodies were used at 1:1000 and 1:4000 dilutions respectively for identification of GABAergic neurons. Neurons were identified by morphology, expression of βIII-tubulin in the soma and neurites, and nuclear localization of DAPI.

2.6. Whole-cell recording {#S8}
-------------------------

Whole cell recordings were obtained from hiPSC-derived neurons at 5 different time points: 4--5, 10--11, 15--16, 21--23, and 35--38 days post plating. exNSC-derived neurons were examined at 21--23 days post plating. Electrophysiological recordings were performed with unpolished borosilicate glass pipettes with open tip resistance of 4--7 MΩ (VWR International, 53432-921). External solution contained (in mM): NaCl 120, KCl 5.4, MgCl~2~ 0.8, CaCl~2~ 1.8, glucose 15, HEPES 20, at pH 7.2--7.4. Osmolality was adjusted to 290--295 mOsm. Internal solution contained (in mM): potassium gluconate 120, NaCl 20, CaCl~2~ 0.1, MgCl~2~ 2, EGTA 1.1, HEPES 10, Na~2~ATP 4.5 with pH at 7.2 and osmolality around 280 mOsm. Voltages were corrected for a − 5 mV junction potential. Spontaneous action potential firing was recorded both at resting membrane potential and at −75 mV using a gap free protocol under current clamp. For evoked action potentials, membrane potential was held at −75 mV and cells were depolarized by a series of current injections. Spontaneous postsynaptic currents (sPSCs) were examined under voltage clamp at −75 mV.

Spontaneous excitatory and inhibitory postsynaptic currents (sEPSCs and sIPSCs) were separated at reversal potentials (−49 mV and −2 mV) with the same external solution mentioned above and CsGluconate internal solution containing (in mM): Cs^+^ gluconate 130, EGTA 0.2, MgCl~2~ 2, CsCl 6, HEPES 10, adenosine 5′ triphosphate sodium salt 2.5, guanosine 5′ triphosphate sodium 0.5 and phosphocreatine disodium 10. The identity of sEPSCs and sIPSCs were confirmed pharmacologically using 50 μM (2*R*)-amino-5-phosphonovaleric acid (APV; Tocris Bioscience, 0106), 10 μM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Sigma-Aldrich, C127), 10 μM bicuculline methochloride (BMC; Tocris Bioscience, 0131), and/or 100 nM strychnine (Sigma-Aldrich, S8753) bath applied in external solution. External solution was perfused through the chamber at a speed of 0.6 to 1 ml/min during recording.

2.7. Data analysis and statistics {#S9}
---------------------------------

Fluorescent micrographs processed using Zen software were used to quantify the percentage of GABAergic neurons. For each coverslip, at least 3 fields with equally distributed cells observed *via* DIC were chosen for counting. Counting was performed blind with respect to cell line. Represented data were based on n = 10 coverslips (Line 210) and n = 4 coverslips (Line 173).

Electrophysiological data were acquired with a List EPC7 amplifier, a Digidata 1320A D-A converter (Axon Instruments), and a Dell Optiplex GX110 computer running pClamp8 (Axon Instruments) software at room temperature. Clampfit 10.6 software (Axon Instruments) was used to analyze electrophysiological data.

Cells that were included in analyses had an input resistance ≥400 MΩ, whole-cell capacitance ≥ 5 pF, stable (no greater than a ± 5 mV deviation) resting membrane potentials more hyperpolarized than −30 mV, and stable sPSC voltage-clamp recordings. We characterized evoked action potentials as regenerative events with a peak depolarization of greater than or equal to −5 mV on the first AP and −15 mV in subsequent APs within the train. sPSCs recorded under voltage-clamp were analyzed using Mini Analysis 6.0.7 (Synaptosoft). sPSCs identified by the software had an amplitude ≥ 10 pA (2× RMS noise of 2.5 pA) and were then manually verified individually. sPSC recordings in which the baseline shifted by \>50 pA were excluded. Electrophysiological data were represented based on n = number of independent experiments. All statistical analyses were performed with Prism 7.0.2 (GraphPad Software) and all figures were generated using DeltaGraph 7.1 (Red Rock Software).

3. Results {#S10}
==========

3.1. hiPSCs-derived neurons mature more rapidly than those generated from an expandable NSC intermediate stage {#S11}
--------------------------------------------------------------------------------------------------------------

Our initial studies focused on the comparison of neurons derived using two different protocols from the same human control hiPSC line (Line 210) ([Fig. 1A](#F1){ref-type="fig"}). The first protocol involved generating an expandable population of neural stem cells (exNSCs) from the hiPSCs ([Fig. 1B](#F1){ref-type="fig"}, top) (modified from [@R36]). The exNSCs were maintained as a renewable population and plated at a density of 2.2 × 10^4^ cells/cm^2^ onto 50% confluent mouse astrocyte-enriched feeder layers to begin differentiation (D0) into exNSC-neurons. The second protocol was based on patterning hiPSCs into neural progenitor cells (NPCs) over a period of 26 days followed by immediate plating at a density of 2.2 × 10^4^ cells/cm^2^ onto the astrocyte-enriched feeder layers to begin differentiation (D0) into hiPSC-derived neurons ([Fig. 1B](#F1){ref-type="fig"}, bottom). By the 3rd week of differentiation (D21--23 post plating), cultures prepared using both protocols contained cells with neurites that also expressed the neuron specific marker βIII-tubulin ([Fig. 1C](#F1){ref-type="fig"}, top). The cultures generated *via* direct differentiation typically had a more extensive network of branched neurites compared to cultures generated through an exNSC intermediate stage ([Fig. 1C](#F1){ref-type="fig"}, bottom).

Electrical excitability following 21 days of differentiation was compared in neurons derived using the two protocols. The typical exNSC-neuron displayed passive changes in membrane potential or small failed spikes in response to depolarizing current injection ([Fig. 1D](#F1){ref-type="fig"}, top). In contrast, the typical hiPSC-derived neuron fired multiple action potentials in response to stimulation ([Fig. 1D](#F1){ref-type="fig"}, bottom). Evaluation of over 20 neurons using the two protocols demonstrated a significantly higher percentage of hiPSC-derived neurons firing at least one action potential (AP) in response to a depolarizing current injection compared to exNSC-neurons (p \< 0.0001; Chi-square test; [Fig. 1E](#F1){ref-type="fig"}). These data demonstrate that the rate of maturation of excitability is faster in neurons generated by the direct differentiation protocol compared to those generated from an expandable NSC intermediate stage.

Consistent with more extensive neuritic arbors, the average whole-cell capacitance (C~m~) of the hiPSC-derived neurons generated *via* direct differentiation was 2.5 times larger than in exNSC-neurons ([Table 1](#T1){ref-type="table"}). However, there was no significant difference in the input resistance (R~in~) or resting membrane potential (RMP) between neurons generated from the two protocols at D21 post plating ([Table 1](#T1){ref-type="table"}, p \> 0.2, unpaired *t*-test with Welch's correction).

3.2. Direct differentiation protocol produces primarily neurons {#S12}
---------------------------------------------------------------

Since the direct differentiation protocol results in a faster maturation of functionally active neurons than the exNSC protocol, the remainder of this work focuses on cultures prepared by direct differentiation. To determine if the hiPSCs give rise to astroglial cells as well as neurons, we prepared cultures from the 210 line and from a second hiPSC control line (173) from an unrelated donor with no known neurological disorders. Cultures were fixed and immunostained at 3 weeks post plating. As hiPSC-derived NPCs are plated onto astrocyte feeder layers of mouse origin, human derived cells were identified by immunostaining with HuNu, a marker for human nuclei. HuNu positive cells that were also positive for the neuronal maker βIII-tubulin had classic neuronal morphology with branched neuritic processes and cell bodies that appeared to have volume in DIC optics (white arrows indicate the cell body of one neuron on both the overlay panel and the DIC panel for each cell line in [Fig. 2A](#F2){ref-type="fig"}). There was also a small population of cells with irregularly shaped, flattened cell bodies that expressed HuNu but were not βIII-tubulin positive (light blue arrowhead indicates one non-neuronal cell, on overlay panel and DIC panel for each cell line in [Fig. 2A](#F2){ref-type="fig"}). When cultures were immunostained with antibodies of HuNu and GFAP, a small population of flattened, irregularly shaped cells were positive for both, identifying these as hiPSC derived astroglia (orange arrowhead indicates one astroglial cell for each cell line in [Fig. 2C](#F2){ref-type="fig"}). The mouse astroglial cells in the feeder layer were identified as the DAPI positive, HuNu negative cells stained with GFAP. Quantitative analysis on 3 individual coverslips from 2 independent platings from both control lines revealed 98% of the human-derived cells were neurons and 2% were astroglia (p \> 0.75, unpaired *t*-test with Welch's correction, [Fig. 2B and D](#F2){ref-type="fig"}). These data demonstrate that two independent control lines both give rise to predominantly neurons using the direct differentiation protocol.

3.3. Intrinsic firing properties of hiPSC-derived neurons evaluated in multiple platings from two independent control hiPSC lines {#S13}
---------------------------------------------------------------------------------------------------------------------------------

To evaluate the rate of neuronal maturation and determine if this is consistent across multiple platings from one hiPSC line and between different hiPSC lines, we generated neuronal cultures prepared from two control hiPSC lines (210 and 173) using the direct differentiation protocol. Multiple independent platings of each hiPSC line were evaluated over the course of 5 weeks post plating. All firing properties are presented as averages from 4 or more platings, with n representing the number of platings. There were 5 or more individual neurons examined in each plating at each time point.

Cultures from both lines contained cells with βIII-tubulin positive neurites and the degree of neurite complexity increased with time in culture ([Fig. 3A](#F3){ref-type="fig"}). The cultures also contained cells that fired action potentials in response to depolarizing current injections as early as D4--5 post plating and at each time point examined up through D35--38 post plating ([Fig. 3B](#F3){ref-type="fig"}). Quantitative analysis of evoked firing focused on three properties: the percentage of cells capable of firing at least one AP ([Fig. 3C](#F3){ref-type="fig"}), percentage of cells firing repetitively (2 or more APs) ([Fig. 3D](#F3){ref-type="fig"}) and the average peak evoked firing frequency ([Fig. 3E](#F3){ref-type="fig"}). There was a significant increase in all three properties as a function of time in culture in both cell lines (age effect: p \< 0.0001; two-way ANOVA; [Figs. 3C--E](#F3){ref-type="fig"}). The variance between plating was the lowest for the percentage of cells firing at least one AP as evidenced by the smaller error bar representing standard deviation ([Fig. 3C](#F3){ref-type="fig"}). The highest variance between platings was seen in percentage of cells firing repetitively and firing frequencies, most prominently at the intermediate time periods between D10 and D23 post plating ([Fig. 3D and E](#F3){ref-type="fig"}). However, there was no difference in any of these properties between the control lines (cell line effect: p \> 0.98, p \> 0.10, p \> 0.17, respectively; [Figs. 3C--E](#F3){ref-type="fig"}; [Table 3](#T3){ref-type="table"}).

Taken together, these data demonstrate that the direct differentiation protocol reliably produces cultures from hiPSCs in which a high percentage of cells with neuronal morphology are electrically excitable, and the rate of maturation of firing properties is similar from plating to plating.

3.4. Formation of spontaneously active networks of excitatory and inhibitory cells {#S14}
----------------------------------------------------------------------------------

Neurons in both the control 210 and 173 cultures exhibited spontaneous firing patterns that were classified as irregular tonic firing with single spikes ([Fig. 4Ai and 4Aii](#F4){ref-type="fig"}) or burst firing (≥2 sAPs within a single depolarization) ([Fig. 4Aiii and 4Aiv](#F4){ref-type="fig"}). In the absence of applied holding current a small percentage of hiPSC-derived neurons from both lines fired spontaneously in one of the two patterns as early as D4--5 post plating and this increased significantly as a function of age in culture (p \< 0.0001; two-way ANOVA with *post hoc* Bonferroni test; [Fig. 4B](#F4){ref-type="fig"}). In the control 210 cultures, the percentage of hiPSC-derived neurons firing spontaneously continued to increase steadily until D35--38. In contrast, in the control 173 derived neurons, there was no further increase in the percentage of cell firing spontaneously beyond D15--16, and this property was significantly different between the two control lines at the later time points (age effect: p \< 0.0001; two-way ANOVA; [Fig. 4B](#F4){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). About half of the spontaneously firing cells were spontaneously burst firing in both lines. The percentage of cells exhibiting burst firing significantly increased with age (p \< 0.001; two-way ANOVA) and there was no significant difference between lines (cell line effect: p \> 0.63; two-way ANOVA with *post hoc* Bonferroni test; [Fig. 4C](#F4){ref-type="fig"}; [Table 3](#T3){ref-type="table"}). When compared to evoked firing, spontaneous firing was marked by greater variability between platings within each line, indicated by larger standard deviations.

Spontaneous synaptic activity was also observed in neurons derived from both control hiPSC lines ([Fig. 5A](#F5){ref-type="fig"}). To quantify the degree of synaptic connectivity, the percentage of neurons with spontaneous postsynaptic potentials (sPSP) or postsynaptic currents (sPSCs) was determined at a holding potential of −75 mV. Over 40% of cells from both control hiPSC lines had detectable sPSP and/or sPSCs at the earliest time point, D4 post plating ([Fig. 5B](#F5){ref-type="fig"}). Assessment of the sPSC frequency demonstrated a steady and significant increase from 0.02 Hz for D4--5 cells to a mean of 4--5 Hz by D35--38 post plating (age effect: p \< 0.001; two-way ANOVA with *post hoc* Bonferroni test; [Fig. 5C](#F5){ref-type="fig"}). The variance in this property between platings became larger over time, with the greatest variance at D35--38 post plating when the sPSC frequencies ranged from 1 to 13 Hz. There was no significant difference between the control lines in the percentage of cells with spontaneous synaptic input or the sPSC/P frequency (cell line effect: p \> 0.13 and p \> 0.85, respectively; two-way ANOVA with *post hoc* Bonferroni test; [Fig. 5B and C](#F5){ref-type="fig"}).

A subpopulation of neurons derived from control hiPSC line 210 and 173 was examined to determine the identity of the receptors mediating synaptic transmission. At the reversal potential for chloride mediated currents (−49 mV), all of the fast decaying currents were completely blocked by 50 μM APV and 10 μM CNQX, indicating they were spontaneous excitatory postsynaptic currents (sEPSC) mediated by AMPA and NMDA receptors ([Fig. 5D](#F5){ref-type="fig"}). At the reversal potential for glutamatergic currents (−2 mV), the large majority of slow decaying currents were blocked by a GABA~A~ receptor antagonist BMC in 10 μM. A small percentage was insensitive to BMC, but could be blocked by an antagonist of glycine receptors strychnine in 100 nM ([Fig. 5D](#F5){ref-type="fig"}). This suggests the cultures from both lines contain a predominantly glutamatergic neurons and GABAergic neurons, and a small proportion of glycinergic neurons. Over 75% of neurons derived from hiPSC lines 210 and 173 received both excitatory and inhibitory synaptic input at day 21--23 post plating, demonstrating a functional neural network with both excitation and inhibition (p = 0.16, Chi-square test; [Fig. 5E](#F5){ref-type="fig"}).

There was a steady decrease in input resistance over time between 2 and 5 weeks in culture, and this property was similar between the two lines ([Table 2](#T2){ref-type="table"}). In both the 210 and 173 hiPSC-derived neurons the mean whole cell capacitance increased steadily over time and there was no change in the resting membrane potential (C~m~ age effect: p \< 0.0001; RMP age effect: p \> 0.18; two-way ANOVA with *post hoc* Bonferroni test; [Table 2](#T2){ref-type="table"}; [Table 3](#T3){ref-type="table"}). Although a two-way ANOVA identified that the resting membrane potential was slightly more hyperpolarized in 210 compared to 173 (cell line effect: p \< 0.05; two-way ANOVA); subsequent *post hoc* analyses were unable to resolve any significant time points between lines ([Table 2](#T2){ref-type="table"}; [Table 3](#T3){ref-type="table"}). The whole cell capacitance was larger in 210 cells (cell line effect: p \< 0.0001; two-way ANOVA with *post hoc* Bonferroni test), and this was significant at D15--16 and D21--24 post plating ([Table 2](#T2){ref-type="table"}; [Table 3](#T3){ref-type="table"}). Overall, these data demonstrate that the direct differentiation protocol results in a rate and degree of maturation in excitability and synaptic transmission that is consistent from plating to plating, and similar for most properties examined between two different control hiPSC lines.

3.5. Identification of GABAergic neurons {#S15}
----------------------------------------

The observation of both glutamatergic and GABAergic synaptic currents indicated that, despite the use of ventralizing factors, our protocol supports differentiation of both excitatory and inhibitory neurons. To quantify the percentage of total hiPSC-derived neurons that are GABAergic, cultures were fixed at D21--23 and stained with anti-βIII-tubulin and anti-GABA antibodies ([Fig. 6A](#F6){ref-type="fig"}). Approximately 30% of the neurons were GABA positive, and there was no significant difference in the percent of total neurons that were GABA positive in the 210 and 173 hiPSC-derived neuronal cultures (p \> 0.14, unpaired *t*-test with Welch's correction; [Fig. 6B](#F6){ref-type="fig"}). These data, in conjunction with the synaptic current recordings, confirm that our direct differentiation protocol produced mixed cultures with both inhibitory GABAeric and excitatory glutamatergic neurons.

4. Discussion {#S16}
=============

4.1. Difference in maturation of excitability in expandable intermediate population vs direct differentiation {#S17}
-------------------------------------------------------------------------------------------------------------

In our study, neurons generated by the direct differentiation protocol were more electrically excitable than the expandable NSC-derived neurons over the first 5 weeks of neuronal differentiation. From previous studies in our lab we know that neurons in cultures from expandable NSCs at later times are able to develop repetitive firing properties ([@R36]). Another study using expandable NPC-derived neurons also reported an extended timeline of maturation, with the large majority of the cells capable of firing multiple action potentials in NPC cultures by 6 weeks post plating ([@R40]). Therefore, it is likely that at least some of the difference between the expandable NSC or NPC strategy *versus* the direct differentiation protocol is the rate as opposed to capacity for maturation. A recent study predicting functional states of expandable NPC-derived neurons with RNA-seq and electrophysiology reports a decline in degree of maturation with increased passage number of the intermediate population ([@R2]). However, by day 30 post plating, the differentiation of excitability and synaptic activity in the neurons was similar to neurons generated by the direct differentiation in the present paper. Enhanced neuronal function observed in the Bardy study may be due to the BrainPhys growth medium that has been shown to support action potential firing and synaptic transmission in hiPSC-derived neurons ([@R1]). Future studies will be important to determine if the BrainPhys medium can further increase the rate and/or the degree of maturation in directly differentiated neurons.

4.2. Reproducibility in rate/degree of functional maturation between platings and between hiPSC lines {#S18}
-----------------------------------------------------------------------------------------------------

The direct differentiation protocol results in a high percentage of functionally active cells in each plating from two different hiPSC lines. However, there were differences in the degrees of variance and in the rate of maturation between properties. In general, hiPSC-derived neurons from both lines exhibited a lower degree of variability in evoked firing *vs* spontaneous activity at each time point. This suggests that, in order to identify functional changes associated with a specific mutation, the direct differentiation protocol is better suited to resolving differences in intrinsic excitability, and small differences in spontaneous firing or synaptic transmission will require a larger number of trials to establish significance ([@R12]; [@R17]; [@R19]; [@R23]).

The control lines in the present study were from donors of different ages, 23 and 56. The similarly high percentage of neurons to glial cells derived from both hiPSCs lines in the direct differentiation protocol suggest donor age does not affect the efficiency of producing neuronal cells. This is consistent with a previous study using a different differentiation protocol demonstrating donor age did not influence the percentage of hiPSC-derived cells positive for ISL, a motor neuron marker ([@R4]). In addition, while donor age does not appear to influence the rate/degree of the majority of functional properties examined, we cannot rule out the possibility that donor age affects the two properties that were different between the lines: maturation of the percentage of cells firing spontaneous action potentials and resting membrane potential. It would be interesting to systematically study the effect of age on functional development of neurons using multiple iPSCs lines.

Whole-cell capacitance increased steadily as a function of age in neurons derived from both cell lines. However, while the 173 *vs* the 210 derived neurons had a smaller capacitance at each time point, indicative of lower total membrane surface area, the differentiation of functional properties was comparable. This indicates that cell size in this case is not highly correlated with functional differentiation. In addition, the difference in whole cell capacitance does not appear to be a property of the specific hiPSC cell line because a set of neurons derived from the 173 line in our previous study had capacitance values similar to those of the 210 line in the current study ([@R31]). One possibility is that a variance in the size of embryoid bodies and neurospheres during the initial phase of patterning could affect exposure to morphogens and result in variance in the starting cell size. This could be further examined using Aggrewell^™^ plating methods to control the size of embryoid bodies by plating a similar amount of dissociated cells into pocket-like microwells ([@R35]).

4.3. Neuronal subtypes in culture {#S19}
---------------------------------

The ability to generate well-defined populations of excitatory or inhibitory neurons is an important prerequisite for use of pluripotent stem cells in human transplantation studies. A recent study demonstrated that exposure to different levels of purmorphamine can produce nearly pure yields of glutamatergic, GABAergic, or medium spiny neurons ([@R44]). Having precise control over the terminal phenotype of grafted cells bypasses concerns of unintended integration of other subtypes and can balance excitatory and inhibitory neuronal network activity in the recipient ([@R11]; [@R13]; [@R18]). Therefore it was surprising that only 30--40% of the neurons generated in the direct differentiation protocol were GABAergic, using a concentration of SMAD inhibitors and purmorphamine that in other similar protocols yielded cultures in which 80--90% of the neurons were GABAergic ([@R21]; [@R28]; [@R44]). This difference could have arisen from variations in the size of embryoid bodies and neuroepithethelial tissue generated during the patterning process, in which the generation of distinct morphogen gradients may contribute to regional specification of neurons ([@R39]). Another difference could have arisen from the use of mouse astroglial feeder layers for the differentiation phase in the present study. Previous studies have shown that astrocytes are important for regulating the microenvironment of differentiating neurons through cell-cell contact and secreted factors ([@R3]; [@R10]).

There are important advantages in having mixed cultures of excitatory and inhibitory neurons for disease modeling. First, the mix of functional glutamatergic and GABAergic neurons more accurately reflects a native neural network, with the number of excitatory cells outnumbering GABAergic. Second, both excitatory and inhibitory inputs are essential for maintaining a stable E/I ratio in neurons, which play an important role in cortical functions in mammalian cerebral cortex ([@R41]). Imbalance of E/I is associated with epilepsy, autism and fragile X syndrome ([@R14]; [@R27]). Therefore, generating neuronal cultures with both excitatory and inhibitory neurons, instead of pure population of certain cell types, facilitates understanding in the altered relationship of E/I in the disease models *in vitro*.

In conclusion, direct differentiation of neurons from hiPSC lines resulted in the reproducible and efficient generation of electrophysiologically active neuronal cultures from independent donors. The establishment of baseline parameters concerning the development and maturation of derived neurons is critical for interpretation of data obtained using this rapidly evolving platform. In particular, for investigations utilizing non-isogenic iPSC lines from affected individuals and related (or unrelated) controls, a quantitative characterization of electrophysical properties and their variation resulting from the selected differentiation protocol is required. The functional outcomes of the differentiation protocol utilized in this study establishes a platform for the identification of mutational or drug-induced functional alternations, which is at the core of preclinical disease modeling.
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![Maturation of excitability is faster in hiPSC-derived neurons than in expandable NSC-derived neurons. (A) Flowchart of the two protocols utilized to generate neurons derived from the control hiPSC line 210. (B) The expandable NSC protocol includes generating an intermediate, regenerative population of neural stem cells (exNSCs) from the hiPSCs that are expanded before being differentiated into neurons. In the direct differentiation protocol, hiPSCs are patterned into neural progenitor cells (NPCs) that are directly differentiated, without expansion, into neurons. exNSCs and NPCs are both plated at the same density onto mouse cortical astroglia feeder layers to promote neuronal differentiation. (C) Immunostaining (D21 post plating) with a neuronal marker βIII-tubulin and a nuclei marker DAPI in exNSC- and hiPSC-derived cultures. (D) Representative recordings of typical evoked firing from exNSC- and hiPSC-derived neurons (D21 post plating). (E) The proportion of neurons that fired no action potentials (AP), a single AP or multiple APs was significantly different in exNSC- and hiPSC-derived neurons (p \< 0.0001, Chi-square test, n = 22 exNSC-derived neurons and n = 26 hiPSC-derived neurons recorded at D21 post plating).](nihms938600f1){#F1}

![Direct differentiation of hiPSCs results in primarily neurons. (A) Immunostaining of control 210 and 173 hiPSC-derived cultures by DAPI, HuNu and βIII-tubulin antibodies at 3 weeks post plating. HuNu positive, βIII-tubulin positive cells are indicated by white arrows. HuNu positive, βIII-tubulin negative cells indicated by light blue arrowheads. (B) The proportion of hiPSC-derived neurons in cultures of control 210 and 173 at 3 weeks post plating. (C) Immunostaining of control 210 and 173 hiPSC-derived cultures by DAPI, HuNu and GFAP antibodies at 3 weeks post plating. HuNu positive, GFAP positive cells are indicated by orange arrowheads. DAPIpositive HuNu negative identifies nuclei of mouse cells in the feeder layers that are enriched for astrocytes stained by GFAP. (D) The proportion of hiPSC-derived astrocytes in cultures of control 210 and 173 at 3 weeks post plating. Data represented as mean + s.e.m. Three coverslips from each of the two individual platings of each line were included. No significant difference in the percentage of hiPSC-derived neurons and astrocytes in the two lines, p \> 0.75, unpaired *t*-test with Welch's correction.](nihms938600f2){#F2}

![Intrinsic firing properties of hiPSC-derived neurons mature at a similar rate from plating to plating in control lines, and between control hiPSC lines 210 and 173. (A) Immunostaining with βIII-tubulin antibody and DAPI on neurons derived from control hiPSC 210 and 173 at D4--5 and D21--23 post plating. (B) Representative traces of action potentials evoked in control hiPSC 210- and 173-derived neurons in response to a 600 ms depolarizing current pulse at five recording windows between 4 and 38 days post plating. (C) The percentage of neurons capable of evoked firing, (D) repetitive firing (\>2 APs) and (E) the peak firing frequency as a function of age. Data are reported as mean + SD. Number of individual platings at each time window from 2 lines is reported in the bottom of C--E with number of neurons in parentheses. All three properties were significantly different as a function of age (two-way ANOVA with *post hoc* Bonferroni test, results in [Table 3](#T3){ref-type="table"}). a, b, c and d denote significance from D10--11, D15--16, D21--23 and D35--38 post plating respectively within the same line. Numbers next to the letters represent degrees of significance with 1, 2, 3 and 4 denoting p value \< 0.05, 0.01, 0.001 and 0.0001 respectively. There was no significant difference between cell lines ([Table 3](#T3){ref-type="table"}).](nihms938600f3){#F3}

![hiPSC-derived neurons in both 210 and 173 lines are spontaneously active. (A) Spontaneous firing patterns classified as irregular tonic firing (i and ii) or burst firing (iii and iv) in hiPSC 210- and 173-derived neurons. RMP is indicated at the baseline of each trace. (B) The percentage of neurons exhibiting spontaneous firing (C) or the subset with burst firing (D) at 5 time windows over 5 weeks. Data are represented as mean + SD. Number of individual platings at each time window from 2 lines is reported in the bottom of B and C with number of neurons in parentheses. Two-way ANOVA (results in [Table 3](#T3){ref-type="table"}) with *post hoc* Bonferroni test. c and d denote significance from D21--23 and D35--38 post plating respectively within the same line. Numbers next to the letters represent degree of significance with 1 and 2 denoting p value \< 0.05 and 0.01 respectively.](nihms938600f4){#F4}

![Functionally active networks of synaptically connected excitatory and inhibitory cells in cultures from both control hiPSC lines. (A) Representative traces of sPSCs in neurons derived from control hiPSC lines 210 and 173. Holding potential −75 mV. (B) The percentage of neurons exhibiting sPSCs as a function of age in culture. (C) Developmental increase in sPSC frequency in neurons from control hiPSC 210 and 173. Data are reported as mean + SD. Number of individual platings at each time window from 2 lines is reported in the bottom of B and C with number of neurons in parentheses. Two-way ANOVA with *post hoc* Bonferroni test (results in [Table 3](#T3){ref-type="table"}). b, c, and d denote significance from D15--16, D21--23 and D35--38 post plating, respectively, within the same line. Numbers next to the letters represent degrees of significance with 1 and 2 denoting p value \< 0.05 and 0.01 respectively. (D) Characterization of sEPSCs at the presence of glutamate receptor blockers APV and CNQX at −49 mV and sIPSCs at the presence of GABA~A~ receptor blocker BMC and glycine receptor blocker strychnine at −2 mV in neurons from 210 (top) and 173 (bottom) lines at D21--23 post plating. (E) Proportion of neurons from 210 and 173 hiPSC lines with both sEPSCs and sIPSCs at D21--23 post plating. n = 25 and n = 27 neurons from lines 210 and 173 respectively.](nihms938600f5){#F5}

![Cultures from 210 and 173 contain a similar percentage of GABAergic neurons. (A) Cultures differentiated from the control 210 and 173 hiPSC-derived neurons were stained with nuclei marker DAPI, βIII-tubulin and GABA antibodies to identify GABAergic neurons at D21 post plating. (B) The proportion of GABAergic neurons in neuronal cultures of control 210 and 173 at D21 post plating. Data represented as mean + s.e.m. Number of coverslips from each line indicated on the graph. There was no significant difference in the percentage of GABAergic neurons in the two lines, p \> 0.14, unpaired *t*-test with Welch's correction.](nihms938600f6){#F6}

###### 

Passive membrane properties of neurons generated by an expandable NSC protocol and a direct differentiation protocol.

              exNSC-derived neurons   hiPSC-derived neurons
  ----------- ----------------------- --------------------------------------------
  R~m~ (GΩ)   1.9 ± 2                 1.8 ± 1.0
  RMP (mV)    −59 ± 12                −57 ± 10
  C~m~ (pF)   12 ± 4                  32 ± 7[\*\*\*](#TFN2){ref-type="table-fn"}

Data reported as mean ± SD.

represents p \< 0.0001, unpaired *t*-test with Welch's correction.

n = 22 for exNSC-derived neurons and n = 26 for hiPSC-derived neurons.

###### 

Passive membrane properties of directly differentiated neurons from control hiPSC lines 210 and 173.

              Line          Days post plating                                                                                                                                       
  ----------- ------------- ------------------- ------------------------------------------- ------------------------------------------- ------------------------------------------- -------------
  R~m~ (GΩ)   210           2.6 ± 0.4           2.5 ± 0.2                                   2.2 ± 0.4                                   1.6 ± 0.0.5                                 1.4 ± 0.4
  4(36)       5(51)         5(81)               7(131)                                      4(101)                                                                                  
  173         2.7 ± 0.6     2.3 ± 0.4           1.9 ± 0.3                                   1.7 ± 0.2                                   1.2 ± 0.2                                   
  4(39)       6(47)         6(48)               6(65)                                       6(52)                                                                                   
  RMP (mV)    210           −53.5 ± 8.4         −50.8 ± 6.4                                 −55.1 ± 4.5                                 −54.1 ± 3.6                                 −53.4 ± 4.1
  4(36)       5(51)         5(81)               7(131)                                      4(101)                                                                                  
  173         −50.2 ± 2.3   −50.0 ± 3.2         −54.7 ± 5.0                                 −50.1 ± 2.5                                 −48.6 ± 2.7                                 
  4(39)       6(47)         6(48)               6(65)                                       6(52)                                                                                   
  C~m~ (pF)   210           25.5 ± 3.0          25.2 ± 3.2                                  33.0 ± 5.2[a](#TFN5){ref-type="table-fn"}   37.0 ± 8.5[b](#TFN6){ref-type="table-fn"}   43.5 ± 15.9
  4(36)       5(51)         5(81)               7(131)                                      4(101)                                                                                  
  173         15.1 ± 1.8    19.0 ± 2.2          19.1 ± 3.2[a](#TFN5){ref-type="table-fn"}   23.4 ± 1.8[b](#TFN6){ref-type="table-fn"}   34.4 ± 3.7                                  
  4(31)       6(58)         6(50)               6(63)                                       6(69)                                                                                   

Data reported as mean ± SD with number of individual platings (total number of neurons).

p \< 0.01.

p \< 0.001, denotes significance between cell lines at given time point post plating (two-way ANOVA with Bonferroni *post hoc* test).

###### 

Summary of two-way ANOVA statistical analyses on directly differentiated neurons from control hiPSC line 210 and 173.

                              Age                                                    Line                                                   Interaction
  --------------------------- ------------------------------------------------------ ------------------------------------------------------ ---------------
  Evoked firing (% total)     [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   ns (p = 0.98)                                          ns (p = 0.40)
  Multiple firing (% total)   [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   ns (p = 0.10)                                          ns (p = 0.92)
  Firing frequency            [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   ns (p = 0.17)                                          ns (p = 0.59)
  sAP (% total)               [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   [\*](#TFN8){ref-type="table-fn"} (p = 0.03)            ns (p = 0.22)
  Burst sAP (% total)         [\*\*](#TFN8){ref-type="table-fn"} (p = 0.0014)        ns (p = 0.63)                                          ns (p = 0.84)
  sPSC/PSPs (% total)         [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   ns (p = 0.13)                                          ns (p = 0.67)
  sPSC frequency              [\*\*\*](#TFN8){ref-type="table-fn"} (p = 0.0004)      ns (p = 0.85)                                          ns (p = 0.97)
  R~m~                        [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   ns (p = 0.33)                                          ns (p = 0.55)
  RMP                         ns (p = 0.18)                                          [\*](#TFN8){ref-type="table-fn"} (p = 0.04)            ns (p = 0.72)
  C~m~                        [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   [\*\*\*\*](#TFN8){ref-type="table-fn"} (p \< 0.0001)   ns (p = 0.53)

Two-way ANOVA utilized to examine effects of age (days post plating), cell line identity, and interaction between both.

reflect p \< 0.05, 0.01, 0.001 and 0.0001 respectively.

[^1]: Authors contributed equally.
